The Intergovernmental Panel on Climate Change (IPCC) states that quantification of leakage emissions at CO2 geological storage sites will require direct monitoring techniques rather than standardized emissions factors. In addition, IPCC guidelines state that leakage emissions should be distinguished from natural baseline emissions. Current methods measure only bulk CO2 emissions and therefore do not have the capability to separate these components. We discuss that a process-based soil gas approach could potentially be used with an open chamber emissions quantification method to translate process-based concentration data into surface flux rates. In doing so, the various components of surface gas flux could be attributed, separated and individually quantified. We use soil gas data from the ZERT controlled release experimental site as the basis for our discussion and show that such a method may improve the accuracy and ease of leakage quantification. For accounting purposes, such capabilities could be used to more accurately assess the number of credits to be surrendered for leakage. For monitoring purposes, added benefits could include delineating the spatial extent of leakage emissions and providing real-time information on the effectiveness of remediation efforts.
Introduction
Carbon capture and storage is a recognized technology for emissions reductions under the United Nations Framework Convention on Climate Change [1] . On 4 November, 2016, the UNFCCC Paris Agreement entered into force, setting the scene for increased global effort in emissions reductions. Whereas participating countries are not legally bound to reach their self-drafted plans for emissions reductions (i.e. intended nationally determined contributions), they are required to provide "a national inventory report of anthropogenic emissions… prepared using …methodologies accepted by the Intergovernmental Panel on Climate Change (IPCC)…" [2] . Accepted IPCC methodologies for emissions accounting generally use "emissions factors" which are standard estimates of GHG emissions applied to specific operations, technologies or processes. For geologic CO2 storage however, the IPCC recognizes that such a standardized approach is not appropriate because of the geologic variability that exists among CO2 storage sites. Instead, a measurement-based approach is recommended and requires monitoring to determine CO2 fluxes through the ground surface. Furthermore, "any outgassing of CO2 from a man-made CO2 storage reservoir needs to be distinguished from the variable natural background" [2] . Thus emissions from loss of storage should be quantified apart from baseline values and periodic verification of emissions estimates should be made [2] .
So it can be seen that, imbedded within a quantification methodology is the additional requirement that natural CO2 fluxes be identified and separated from leakage emissions. Such "source attribution" of surface gases is a critically important step in environmental monitoring yet it is historically a difficult task [3] . Soil gas composition is highly variable in space and time and affected by transient environmental conditions. Isotopic signatures of leakage are not always distinguishable from those of natural CO2. Thus a challenge with this area of monitoring has always been how to separate a leakage signal from natural variation. The use of baseline CO2 measurements is a widely-accepted method for leakage attribution [4, 5] . The approach of such monitoring is to define local, natural pre-injection CO2 distributions over space and time. In theory, with "normal" CO2 concentrations defined, any statistically significant increases in CO2 during a storage project would indicate leakage from the project. In practice however, there is significant uncertainty with this method for leakage assessment. We now know that natural soil CO2 values are increasing over time due to climate change itself [6] and thus "baseline" will be a moving target.
With these challenges in mind, we aim to assess how a ratio-based or "process-based" subsurface soil-gas method which is an emerging technique for near-surface gas source attribution, might also be used for emissions quantification in the event of a storage formation leak. The method employs simple geochemical ratios based on reaction stoichiometry to infer the processes that are creating the soil gas signatures and has been employed at several CO2 storage projects for attributing the source of surface gases [4, [7] [8] [9] [10] [11] [12] [13] [14] . The power of the method is that it can instantly and graphically identify a leakage signal using simple relationships among coexisting gases (CO2, N2, O2, CH4) without years of baseline measurements or complex statistical analysis. This method also identifies and separates the actual processes responsible for consuming and producing CO2; thus it may be appropriate for emissions quantification in the context that it could identify and separate the portions of surface CO2 flux that are from leakage and those that are from natural emissions as is suggested in international accounting protocols.
For the operator of a project that undergoes leakage, the potential value of separating the components of emissions is twofold: 1) in the event of leakage, for example in a Clean Development Mechanism project, subtracting the natural flux component from the leakage component will lower the number of Certified Emission Reductions (CERs) required for surrender, and 2) in the case that leakage rates are fairly low, subtracting the natural flux from the total emissions may cause the total mass of leakage to fall under the threshold for materiality. Materiality defines the errors in accounting that can be ignored because they are too insignificant when calculating the amount of offset credits a project receives. Thus if leakage rates fall under the materiality threshold, it is possible that they may not be required to be monitored or reported.
This paper explores the possibility of using process-based ratios for activities related to emissions quantification. For example, upon confirmation of leakage, capabilities will be needed for delineating the areal extent of leakage, separating and quantifying the fraction of natural CO2 from the fraction from leakage, and confirming that remediation efforts are effective. Such activities require that the various sources contributing to CO2 emissions be attributed and separated.
Background on process-based monitoring
A process-based approach to monitoring is explained in-depth by [14, 15] . In brief, this method assumes a starting point at atmosphere (21% O2, <1% CO2) and uses the geochemical stoichiometry of products and reactants of important CO2-producing processes in soils (such as respiration and methane oxidation) to define trend lines representing those processes. For example, on a graph of O2 versus CO2, deviations from atmospheric CO2 and O2 concentrations for biologic respiration trend along a line with a slope of -1. Deviations for methane oxidation trend with a slope of -2 ( figure 1-left) . CO2 concentrations shown in the blue region are attributed to CO2 loss by dissolution into infiltrating water and data in the yellow region indicate excess (i.e., exogenous) amounts of CO2 such as might indicate a release from a storage formation.
Assuming that N2 acts as a non-reactive tracer (an assumption that we have found to be reasonable even in areas where denitrification may occur), N2 concentrations provide additional important information (figure 1-right). Because gas concentrations are measured in percent (by volume or molar), any non-reactive addition or subtraction of a gas component will, by definition, dilute or concentrate (respectively) all other gas components in a gas mixture. N2 can be used to indicate this process ( figure 1-right) . In conjunction with the relationships between CO2 and O2 described above, CO2 that shows a negative correlation with N2 signals dilution by input of exogenous gas and CO2 that shows a positive correlation with N2 indicates dissolution of CO2. A third process-based gas relationship, which can indicate the degree to which oxygen is being utilized in the system, is a more complex relationship not central to this discussion and is not addressed herein.
Emissions Quantification
Experience in emissions quantification for CO2 geological storage is generally lacking because, to date, there has been no evidence of leakage at a CCS research project site and no requirement for leakage quantification at these projects [16] . Research using natural analogs [17] [18] [19] , controlled CO2 release experiments [10, [20] [21] [22] , and industrial analogues [23] where releases have occurred such as at the Salt Creek CO2-EOR field [24] Aliso Canyon natural gas storage site [25] and CO2-rich artesian well failure at Qinghai, China [13] have provided information on how surface leaks might be detected, measured and monitored. The general conclusions of these studies are: 1) Well failure is the most likely mechanisms for CO2 leakage from geological storage. 2) During well failure, most emissions will likely emanate directly from the well, however, significant gas quantities may also emerge from the surrounding soils due to lateral gas migration in the subsurface. 3) Soil emissions will be localized and will occur in areas spatially removed from the well and difficult to predict. 4) Gas emission rates will fluctuate over time due to various soil and meteorological conditions. Figure 1 . Two of the three geochemical relationships used in a process-based approach to leakage detection [14] . Major soil gases (CO2, CH4, N2, O2) are measured and compared using these geochemical relationships. Various processes producing and consuming CO2 can then be identified.
Thus once leakage is confirmed the important activities around quantification will be: 1) to attribute and delineate the areal extent of leakage apart from natural signals, 2) to separate the quantities of the various components contributing to the emissions, and 3) to provide clear confirmation of the effectiveness of remediation efforts.
Objectives, approach, and methods
The objective of this work is to assess the potential for a ratio-based geochemical analysis to be used in emissions quantification. We explore how this approach could be used to separate and quantify the two components (natural and leakage) of flux. The approach uses data from process-based soil gas monitoring at the ZERT controlled release site [15] to assess how ratios used in soil gas analysis might be translated to flux rates. At the ZERT site, located on agricultural land owned by Montana State University in Bozeman, Montana [26] leakage was simulated by releasing 0.15 tonne/day of CO2 from a 100-m-long, 10-cm-diameter slotted pipe installed at ~1.8 m depth within a silicic sand and gravel aquifer (figure 2). During our research at the site in July 2012, depth to water was 1.4 meters. Vadose zone gas was sampled from monitoring wells located 1-6 m down gradient from the release. Monitoring for baseline conditions began 9 hours before CO2 release began at the site and leakage monitoring continued for about 3 days. Data from two monitoring wells (5B and 2B) are reported herein.
Results and discussion

Attribution and separation of leakage from natural signal
Vadose zone soil gas concentration data collected at two monitoring points at the ZERT site are plotted on a processbased graph of CO2 versus O2 (figure 3). Samples collected up to 9 hours before the CO2 injection lie on or near the respiration trend line as is expected for a natural baseline signature. After CO2 injection, and as leakage emissions reached the monitoring area, data points migrated away from the respiration line and into the leakage field. The leakage trend continued until soil gas concentrations reached above 80%. Thus, using this graphical method, and without the need for complex statistical analysis or comparison with years of baseline CO2 or weather data, the portion of CO2 from natural processes (~ 2.6%) and the portion of CO2 from leakage (up to 83.2%) are clearly and instantly discernible and attributable.
The leakage data trend is essentially a mixing line between the respiration and leakage endmembers, therefore, even when respiration baseline data are not available, a linear regression of the leakage data trend back to the respiration line may be sufficient for estimating the non-leakage portion of CO2. In this example, a linear regression calculated using only leakage data (figure 4 -left) estimates a baseline CO2 concentration of 2.7% (figure 4 -right) as compared to the average baseline CO2 concentration of 2.6% calculated from 37 pre-injection measurements. It is also Figure 2 : ZERT site map showing wells where the soil gas data reported herein were collected. Location of the horizontal well used for controlled CO2 release is shown. Map modified from [8] .
conceivable that in cases where there is no actual leakage trend, but that leakage is represented by a single data point, that a regression using the leakage composition and 100% CO2 could be used to estimate respiration concentration. More field validation would be required to assess this as a possible best practice. Similarly, continuous measurements of process-based gas parameters could be used to assess the effectiveness of remediation efforts by providing a visual real-time tool that would show the leakage trend retreating towards the respiration line. Remediation would be accomplished when data points reached baseline concentrations.
So we see that a process-based method can be used to easily and quickly attribute leakage apart from natural respiration regardless if baseline CO2 concentrations are 2% or 20%. If the data points lie on or to the left of the respiration line, samples can be attributed as baseline. This is an important point, because it means that complex analysis and comparisons of CO2 concentrations with years of baseline CO2 data, soil conditions, or meteorological data is not necessary for attribution even in environments with high natural CO2 concentrations. Simple geochemical ratios can be used to easily and quickly delineate the actual boundaries of the leakage emissions even where natural CO2 emissions are patchy and may appear as localized areas of leakage. An example of patchy natural emissions which could mimic areas of localized leakage can be seen at the Weyburn CO2-EOR site. Here, a localized area of relatively high natural CO2 emissions was mistaken for leakage by a local landowner until it was finally attributed as being natural in origin [14, 27, 28] .
Translation of soil gas concentration to emissions flux rate
We have seen that a process-based approach is effective for separating various CO2 components, but how can a method that measures soil gas concentration be used to separate and calculate gas flux rates? The flux chamber approach is a standard method for surface emissions quantification [29] . Analyses of flux at multiple areas can then be extrapolated to a total emissions flux rate across a full area of concern for any gas species of interest. Commonly, CO2 gas flux at geological CO2 storage sites is measured using a LI-COR® flux chamber which is engineered to measure CO2 emissions within a defined surface area. For applications where gases other than CO2 are of interest, a standard method using a dynamic flux chamber can be used [30] . Such a method could be appropriate for an application of processbased flux analysis because it could provide simultaneous data on all process-based gases, not just CO2.
In this method, a "sweep" gas is added to the chamber at a fixed, controlled rate (e.g., 0.005 m 3 /min) that is selected based on site conditions. The volumetric flow rate of sweep gas through the chamber is recorded and the concentrations of the gas species of interest are measured at the exit of the chamber (figure 6). The emission flux rate is calculated as: Figure 3 : Example of how a process-based approach could be used to attribute and delineate the boundaries of leakage in an environment with patchy CO2 emissions. Even if leakage was to emerge within a patch of high CO2, process-based ratios should be able to help attribute and delineate spatial leakage boundaries. Data from Weyburn from [28] and data from ZERT is from [20] .
where: EFg = the emission rate of species, g (g/m 2 /min) Cg = measured concentration of species g (ppmv converted to g/m 3 ), Q = sweep air flow rate (m 3 /min) and A = exposed surface area within the chamber (m 2 ). It can be seen, therefore, that using an open chamber method in this way would provide the ability to measure gas concentrations of all the gases of interest for a process-based analysis and those data could then be simultaneously used for attribution and separation of the various gas components, and then the flux of each component could be calculated separately.
Conclusion
We have presented a concept for using a process-based subsurface soil-gas method for surface emissions quantification in the event of a storage formation leak at a geologic CO2 storage site. The method employs the use of an open flux chamber where emissions are first measured as concentrations at the outlet of the chamber and then are converted to flux volumes. With this approach, all the gases of interest for a process-based approach can be measured and used to attribute and separate leakage emissions from natural baseline emissions as is required in international emissions quantification protocols. Additional advantages may be to delineate the areal extent of leakage, and confirm that remediation efforts are effective. Field experiments will be needed to validate the concept.
